Abstract. The musculo-skeletal system serves the mechanical function of creating motion and transmitting loads. It is made up mainly of four components: bone, cartilage, muscle and fibrous connective tissue. These have evolved over millions of years into the complex and diverse shapes of the animal skeleton. The skeleton, however, is not built to a static plan: it can adapt to mechanical forces during growth, it can remodel if the forces change, and it can regenerate if it is damaged. In this paper, the regulation of skeletal construction by mechanical forces is analyzed from both ontogenetic and phylogenetic standpoints. In the first part, models of biomechanical processes that act during skeletal ontogenesis -tissue differentiation and bone remodeling -are presented and, in the second, the evolution of the middle ear is used as an example of biomechanical change in skeletal phylogenesis. Because the constitutive laws for skeletal tissues are relatively well understood, and because the skeleton is preserved in the fossil record, application of mechanics to skeletal evolution seems to present a good opportunity to explore the relationships governing ontogenetic adaptations and phylogenetic change.
Introduction
The skeleton is a machine whose construction is the net result of two processes -a phylogenetic process acting over millions of years and an ontogenetic process acting over the life of the individual. How have these processes created skeletons that fulfill biomechanical functions with such apparent efficiency? There are two main approaches to investigating this question: Method I assumes something about the skeleton itself (that some aspect has been optimized) whereas Method II assumes something about the process forming the skeleton (that there are stimuli that drive it and rules that control it).
Purpose of This Paper
Gould [23] gives a general account of the nature of the relationship between the growth of the individual (ontogeny) and the development of the species (phylogeny). What is of interest in this paper is whether or not such a relationship can be studied using mechanics; in particular the author is interested in whether or not the mathematical relationships (in the form of algorithms or rules) for the growth, adaptation, and remodeling (as listed above [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] ) can be used to better understand any aspect of the evolution of skeletal efficiency in the species. The connection between skeletal ontogeny and phylogeny can be inferred in three steps as follows: -First, the phylogenetic process involves natural selection. Random genetic variation results in skeletal differences causing the musculo-skeletal systems of some animals to be better adapted to their environment than others. Such animals have a survival advantage and are more likely to reproduce, passing on their genes (and hence their skeletal form) to future generations. -Second, ontogenetic processes act on the skeleton, following mechano-regulatory rules, so that the skeleton becomes adapted to the individual animal's environment and activity level. For example, mechano-regulation of long bone growth by weight-bearing and muscle forces increases the second moment of area of the bone shaft thereby improving the strength-to-weight ratio [24] . -Finally, the mechano-regulatory rules themselves may be adapted by natural selection.
For example, an animal that can increase muscle mass if strenuous tasks become required for survival will have an advantage over a competitor who is not able to do so. An animal with the most effective mechano-regulatory response will be 'selected' and, after many generations, even a slight appearance of the environmental stimuli may elicit the appropriate adaptive response in a non-linear and highly efficient fashion. In this respect, a species may be considered as partly characterized by its set of mechano-regulation rules.
